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Introduction
Recently, there has been strong commercial push in silicon-based solar PV industries especially towards enabling thinner and thinner silicon solar cells (< 150 μm) due to the significant cost reduction associated with it. Even though the module becomes thinner, the solar PV needs to have a lifetime operation of more than 20 years, to be considered as a cost effective solution [1, 2] . In the field, the PV module is always under the influence of various external loading conditions such as mechanical loads due to wind, snow, etc. and environmental conditions i.e. extreme temperature, thermal cycles, etc. These external factors increase the built-in stress, in addition to the inherent residual stresses developed during the processing such as lamination etc. Further, this eventually leads to fracture events thereby affecting the efficiency and reliability of the solar PV module [3] [4] [5] . Currently, in the solar PV community, there is large interest and focus on understanding the role of lamination materials and processes, in addition to the soldering materials and processes [6] . The encapsulant material used in solar PV industry must satisfy several different requirements, which include high optical trans-mittance of incident light, good dielectric properties (electrically insulating), mechanical compliance to protect the solar cells from external mechanical loads and stresses induced by differences in thermal expansion coefficients, good adhesion to both glass and silicon solar cells [3] . Silicones as an alternative encapsulation material were experimented by Ketola et al. [7] . Their objective of using this material was based on high transparency offered in the UV-visible wavelengths, wide range of refractive indices and excellent tolerance to high optical flux. Hurter et al. [8] also assessed glass fiber reinforced plastics (GFRP) composite materials as en-capsulation to study the electrical and thermal efficiency of the solar PV. Studies pertinent to solely effect of encapsulation material properties and its relation to building up of the PV residual stress are rather limited and have not been much reported in the literature. Recently, Dietrich et al. [6] have experimentally characterized the in-plane fracture strength of the solar PV module comparing two different encapsulation materials namely EVA having high and low stiffness properties. Their results clearly show that, PV module encapsulated with high stiffness EVA cracked at lower load whereas module resisted high load before initiation of crack, when encapsulated with the low stiffness EVA. Similarly Mickiewicz et al. [9] also analysed the encapsulation material stiffness at cold environmental conditions and subsequently its effect on the fracture of the solar PV module. This preliminary evidence on the effect of laminating materials and pro-cesses motivated us to understand the basic mechanisms, thus opening the re-search gap for fundamental and quantitative investigation of the stress which is the driving force of fracture, therefore the subject of this paper. Studying how the effect of the encapsulant on the stress level after the lamination pro-cess will be crucial in highlighting the propensity to fracture in the thin silicon solar cells. Since it is the effect of the lamination material, we study the stress gradients of silicon cell while it is already encapsulated/laminated and thus the synchrotron X-ray microdiffraction is the unique technique, which allows us to map this evolution of stress [10] . The silicon wafer here was already encapsulated by 0.5 mm of transparent polymers on each side. But with the high penetration of hard X-ray synchrotron radiation, we still could get the reflection from the silicon even though it was buried under 0.5 mm of encapsulant polymer material. This is a unique capability as it allows stress and microstructure evolution examination of silicon solar cells for instance during high temperature lamination process, or even during the operation (in operando) of the laminate, such as during thermal cycle or mechanical loading operation. Also, this kind of study is not hitherto possible using charged particle microscopy technique such as SEM and TEM or surface sensitive techniques such as micro-Raman spectroscopy. This technique could further lead to unravelling of potentially important and critical insights about what is really happening in the solar cell during lamination or what the deformation mechanisms are in the silicon solar cells during thermal cycling or mechanical loading. Our recent study on solar cells has garnered attention at the Advanced Light Source (ALS), Berkeley Lab Science Highlight [11] .
In this study we use two different encapsulation materials namely an industry standard EVA (encapsulant A) and a commercially available thermoplastic (encapsulant B). Both the materials are then used as a lamination for the solar PV module. Then, solar PV module laminated with materials A and B are characterized for residual stress using synchrotron X-ray microdiffraction at Advanced Light Source (ALS) beamline 12.3.2. We further conducted three point bending tests of the PV module to understand the fracture/crack initiation mechanisms.
Experimental
A series of PV mini modules/laminates (one-cell coupons with commercially available monocrystalline silicon solar cells inside) were prepared using the two different encapsulants: an industry standard EVA (encapsulant A) and a commercially available thermoplastic (encapsulant B). Every laminated mini module consists of a glass, a front encapsulant layer, a 125 mm x 125 mm monocrystalline silicon solar cell, a back encapsulant layer and finally a backsheet. Stress measurements in the silicon around the solder joint were performed by synchrotron X-ray micro-diffraction (beamline 12.3.2) at the Advanced Light Source (ALS) of the Lawrence Berkeley National Labora-tory. Three point bending tests of the PV module were also conducted to investigate the fracture.
Synchrotron X-ray Microdiffraction
The X-ray characterization was performed at the Advanced Light Source (ALS) of the Lawrence Berkeley National Laboratory, beamline 12.3.2 [12, 13] . The polychromatic X-Ray beam produced from a superconducting mag-net source is refocused at the entrance of the experimental hutch by a 700 mm-long platinum-coated silicon toroidal mirror operating at a grazing an-gle of 4.5 mrad. Final focusing is done by Kirkpatrick-Baez (KB) focusing mirrors consisting of an orthogonal pair of 100 mm long tungsten coated silicon substrate bent to an elliptical shape. The Synchrotron X-ray micro-diffraction has nominally 0.8 μm × 0.8 μm focused beam size. The sample ( Figure 1 ) sits on a XY high precision stage (range of 10 cm), which is mounted on a coarse XYZ Huber stage (range of ±15 mm in X, Y and Z). The diffraction patterns are collected with a DECTRIS Pilatus 1 M pixel area detector (active area of 179 × 169 mm2) which is placed at a distance of approximately 140 mm from the sample. The CCD detector is comprised of pixels, from which the relative change in position and size of the peak is extracted. The resolution of this CCD detector used in the current study is 0.03• [13] . The experimental setup in the beamline 12.3.2 provides the capabilities to obtain both kind of stress components i.e. deviatoric and hy-drostatic [14] [15] [16] . The technique at ALS beamline 12.3.2 has previously been found effective to map silicon cell stress, investigate plasticity of crystalline materials at submicron and nanometer scales etc. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] (a) (b) (c) 
Mechanical Characterization

Tensile Tests
The tensile mechanical properties of encapsulants A and B at room temperature ( 25•C) were measured using the Instron testing machine. The initial samples were 25 mm wide (W) with a total length of 150 (L) mm, which was kept constant for all the tests. An initial thickness of 0.42 (sample A) and 0.46 mm (sample B) respectively were noted. For testing, aluminium tabs were bonded to the soft samples using an adhesive, which helped in preventing the erosion during gripping. An extensometer with a gauge length (lo) of 50 mm was used to measure the engineering strain (e = l/lo), as shown in the Figure 2a . Different displacement rates of 10, 100 and 200 mm/min were applied and the corresponding load -displacement were recorded for ten samples at each of this testing condition. The samples were strained to a value of 0.3 (mm/mm), which was close to the maximum limit of the extensometer displacement (25 mm) and thereby, the tests were stopped. The samples after the end of the tests are shown in Figure 2b. (a) Extensometer (steel clips) mounted at the gauge length.
(b) Samples at the end of the test. 
Dynamic Mechanical Analysis
Dynamic mechanical analysis (DMA) was also used to test the high temperature viscoelastic properties of the encapsulation materials A and B. An equal sample length of 20 mm was used for this testing. Since the samples being soft and compliant, the tests were run using the tension mode set up. All the samples (five from each material) were subjected to a temperature range of 20 − 100•C with a heating rate of 4•C/min. The test condition was kept constant for all the samples.
In-Laminate Three point bending Tests
An in-laminate three point bending set up as shown in Figure 3 was used to conduct the tests. In this test, a PV coupon is placed on two parallel supporting pins with a distance of 10 cm. A uniform quasi static loading is monotonically applied in the centre of the glass by means of a loading pin (the maximum force of the load cell 50 ± 5% KN). The supporting and loading pins are mounted in a way, allowing the samples to freely rotate about axis parallel to the pin axis.. As the load is increased monotonically, visual inspection was conducted via a camera, which transmits the magnified images to a computer to allow visual/manual detection of macro scale cracks in the silicon solar cells. At the first sight of macro scale cracks in the silicon solar cells, the loading force was noted and later indicated as "Characteristic Strength" of the encapsulated solar cells in Section 3.3. 
Results
The results of quantitative residual stress of the silicon measured in the laminated PV module using the synchrotron X-ray source is presented followed by the mechanical properties of the two encapsulation materials A and B. Further, to experimentally simulate the environmental loading such as snow, wind etc., investigations were carried out using three point bending test to characterize the fracture initiation of the solar PV module.
Residual Stress Map of Silicon Cell
The stresses on the silicon near the solder joint (stress concentration region) were determined from the outof-plane orientation of the Si (100) planes at any given pixel of the raster scanning using XMAS code [14] . 3D crystal orientations of silicon were obtained from indexing the silicon Laue pattern. A methodology called "adaptive indexing" allows tracking the silicon reflections below the metallization layers thus enabling us to obtain the silicon 3D orientation information even after encapsulation. Curvature from all 3 directions (X, Y and Z) can thus be obtained. As we can see in Figures 4a and 4b , the X-ray beam could not penetrate through the very thick solder joint and bus-bar and thus the dark region in the stress map indicating no information about silicon crystallography/stress was obtained from those pixels. Apart from that, the X-ray beam was able to probe through the metallization layer and other materials, and thus we could obtain the silicon crystal stress everywhere else. The effect of the metallization lines could still be seen on the left and right of the lower part of the scanning. This is also expected as metallization lines are the regions where the stresses are expected to be higher due to mismatch of coefficient of thermal expansion (CTE) between silicon and the metal (i.e. Cu in this case).
Our objective here is to measure the stress of the silicon as the effect of each encapsulant material. The stress map of the silicon with encapsulant A is shown in Figure 4a . It can be seen that the in-plane stress state (along X) of the silicon solar cell is in tensile (Red to green color, amounting about minimum 200 MPa). The nature of stress (tensile) in the silicon cell (in-plane, along X) agrees well with the stress-strain distribution map obtained through modeling as reported by S.Dietrich et al. [6] . The highest stresses seemed to be right around the solder joint (the red colored regions) amounting to about 300 MPa. Figure 4b shows the stress mapping of the silicon with encapsulant B. Observations of stress state near the solder joint is similar with higher tensile than the one with encapsulant A. The highest stress was also found to be right around the solder joint (the red colored regions) amounting to about 450 MPa. From these results, it shows that encapsulation material property has substantial effect on the residual stress of silicon. We further analyze the encapsulation material properties and its correlation to fracture, which will be discussed in the following sections. 
Encapsulation Polymer Material Properties
The representative engineering and true stress vs. strain of samples A and B tested at a displacement rate of 100 mm/min is shown in Figure 5a . The engineering strain directly measured from extensometer is converted to true strain ε T = ln (1 + e). Similarly the engineering stress σ e calculated based on the original cross sectional area (A o ) of the samples is used to obtain the true stress, σ T = σ e (1+e). The Young's modulus E obtained from the slope of the linear true stress region is shown in Figure 5b with respect to various displacement rates. From the results of Young's modulus i.e. stiffness vs. displacement rate, it can be seen that, sample A tested at displacement rate of 10 mm/min has lower mean modulus of 6.34 MPa compared to sample B which shows much higher value of 28.32 MPa, tested at the same condition. Moreover, the modulus values measured at different strain rates such as 100 and 200 mm/min also show similar behavior. The Young's modulus of sample A is 10.79 and 11.81 MPa respectively whereas sample B shows a value of 32.41 and 36.51 MPa for the same displacement rates of 100 and 200 mm/min. Further comparing the Young's modulus of samples A and B, it can be clearly observed that sample B is approximately three to four times stiffer as compared to sample A for all the displacement rate conditions. From the DMA results, the storage modulus obtained from the high temperature tensile testing of both the encapsulation materials A and B are also shown in Figure 5c . The results show that, sample B has almost two orders (log scale) higher storage modulus compared to sample A at all temperatures from 20 − 100•C. This also confirms our previous observations that, the sample B is stiffer than A and does not show signs of significant softening even at high temperature (100 0 C).
(a) Representative stress vs. strain curves at (b) Young's modulus at various displacement displacement rate of 100 mm/min rates.
(c) Representative DMA (tension mode) curve of storage modulus vs. temperature 
Fracture Observations
The characteristic fracture load of the solar PV obtained from the three point bending tests of the samples from both group (20 from each) is shown in Figure 6 . The samples were subjected to multiple load steps of 30 N each and monitored for crack initiation through visual inspection. Visual inspection is not the ideal way here to detect cracks in the solar cells -an electro-luminescence (EL) should really be used. However, due to lack of facilities in our new university (SUTD), this method of crack detection/inspection was used to obtain a rough estimate of the fracture load. A load drop during the test was also a key parameter to check the crack initiation. When obvious crack propagation was found, the tests were stopped at those loads and the readings were noted. The results show a mean fracture load of 1.2 KN for PV laminated with encapsulation material A, whereas for specimens encapsulated with material B, the mean fracture load dropped considerably to 0.3 KN. These observations show that, PV with encapsulant A can resist higher external loads i.e. both mechanical and environmental before failure. It is worth mentioning here that the silicon solar cells are back-contacted and the solder joints are on the bottom side in Figure 3 , although due to the thickness of the glass in this assembly (i.e. 3 mm), the whole thickness of the silicon solar cells here is under tensile stress. Cracks do tend to initiate in the bottom side of the silicon solar cells (due to slightly higher tensile stress), but they also tend to transmit through the thickness of the silicon due to single-crystalline nature of the samples used here thus appearing on the upper side almost the same time they were initiated on the bottom side, given the increasing bending load. The fact that the upper side of the solar cells are black colored also provides better contrast for the crack detection. Furthermore, these results do suggest significant difference in the signals from the two groups (beyond statistical requirements). This gave us more confidence in the data. In addition, similar studies by other groups [3, 9] have also concluded that different encapsulation materials could lead to distinct fracture propensity of the PV mini modules with otherwise the same, nominal silicon solar cells inside.
Discussion
Mechanical stress and fracture The laminated PV mini-modules, encapsulated with this two materials A and B show distinct variations of residual stress in silicon near the solder region as revealed by Synchrotron X-ray microdiffraction (Figures 4aand 4b) which is expected based on the different material stiffness property. From the mechanical properties of the encapsulation materials used in this study: an industry standard EVA (encapsulant A) and a commercially available thermoplastic (encapsulant B), it is distinctively clear from Figure 5b that, material B is approximately three to four times stiffer than A. Viscoelastic behavior (Figure 5c ) to understand these materials at near lamination processing temperature (150•C), shows similar observations. The encapsulation material B is stiffer even at the maximum test temperature of 100•C as compared to encapsulant A. During lamination (at high temperature of 150•C ), the lamination pressure might give rise to additional stress con-centration when the solar cells with very inhomogeneous topology (due to solder joints and metallization bars, etc.) were pressed against a stiffer encapsulant (compared to a softer one). This could lead to much higher stress concentration ( 450 MPa) in the silicon solar cells of Samples B (with stiffer encapsulant), thus leading to much earlier crack initiation and propagation (at 0.3 KN of bending force). While for Samples A, due to its softer encapsulant, the pressure from the laminator might give rise to lower stress concentration ( 300 MPa) in the silicon solar cells and thus leading to much delayed crack initiation and propagation (at 1.2 KN of bending force). This could be one of the possible explanations, however the exact mechanisms leading to the phenomenon observed in this study are a subject of our continued investigations.
The effect of the solder joint on the stress concentration on silicon solar cells is obviously noted, but as both groups of samples used nominally the same silicon solar cells (from the same production batch, etc.) with the same solder joints materials and processes (save for a minimum high-volume manufacturing variation), the effect of the solder joint on the stress concentration on silicon solar cells in both groups of Samples, A and B, would be nominally the same. Thus the difference observed in terms of residual stress on silicon solar cells as well as the load at which fracture events start occurring could be solely attributed to the difference in the encapsulants. Further analysing the fracture, residual stress indeed mimics like a pre-notch which under a homogeneous loading, aids in the crack initiation and propagation. The in-plane stresses of the mono-crystalline silicon were all tensile (Figures 4a  and 4b ) and the highest compared to other components of the PV module [6] . Based on the bending theory, during the loading, the maximum in-plane tensile stresses accumulated during lamination will obviously increase from the solder (supporting pin side) and we suspect that, crack would have initiated from there. This is supported based on results of Schroder et al. [5] , who also showed that the silicon cracks from the bottom side during the bending tests.
Conclusions
This study has investigated the effect of lamination material property on the residual stress of monocrystalline silicon solar cell using Synchrotron X-ray microdiffraction, Advanced Light source (beamline 12.3.2). The following conclusions from this study are:
• Solar PV laminated with encapsulation materials A (Soft) and B (Stiff) shows different residual stress of silicon cell (Figures 4a and 4b) . The residual stress of silicon with material A shows a maximum value of 300 MPa near the solder whereas with material B shows 450 MPa.
• The characteristic fracture load of the PV encapsulated with material A shows 1.2 KN compared to 0.3 KN for PV laminated with material B.
• The exact mechanisms leading to these findings are a subject of our continued investigations, which could lead to a low stress encapsulation technology that would potentially have a great impact to the viability of the solar PV technology to replace the fossil-based energy sources.
